We propose a physical model to describe the mechanisms of two major scenarios of the genetic code evolution, the codon capture and ambiguous intermediate scenarios, in a consistent manner. We sketch the lowest dimensional version of our model, a minimal model, by introducing a physical quantity, codon level. On the basis of the hierarchical structure of the codon levels two scenarios are classified into two different routes of the evolutional process. In the case of the ambiguous intermediate scenario we perform a simulation implemented cost selection of amino acids and confirm a rapid transition of the code change. Such rapidness reduces uncomfortableness of the non-unique translation of the code at intermediate state that is the weakness of the scenario.
Introduction
The genetic code is the central element of every biological phenomenon. It was supposed to be frozen at first, but it turned out to be evolvable after the discovery of nonstandard code in mitochondria [1] . After that several scenarios for the evolution of the genetic code [1] [2] [3] , namely the reassignment of codons to amino acids, have been proposed. Among them the codon capture [1, 4] and ambiguous intermediate [5, 6] scenarios are major ones.
In the text-book argument [1] the possibility of the latter scenario was questioned.
However, recent analysis [7] for observed codon reassignments supports both scenarios according to the situation. The codon capture scenario is supported by observed codon reassignments from stop to an amino acid. On the other hand, the ambiguous intermediate scenario is supported by observed codon reassignments from one amino acid to another.
Thus in this paper by introducing a concept of codon level we try to construct a physical model which realizes both scenarios in a consistent manner. On the basis of our physical model we can discuss the mechanism of the genetic code evolution. As far as we know, a study of the mechanism by physical arguments has not been reported. This paper is organized as follows. In Section 2 we summarize two scenarios and introduce our physical model. Some simulation results on the basis of our model are discussed in Section 3 focusing on the time dependence of the genetic code evolution.
Our conclusion is given in Section 4.
Model

2-1 Codon Capture and Ambiguous Intermediate Scenarios
The abstract of the codon capture [1, 4] and ambiguous intermediate [5, 6] scenarios are shown in Fig. 1 . The codon reassignments mainly arise from alterations in tRNA.
According to the position of the tRNA alteration, favored scenario changes as shown in Fig. 2 . The situation is summarized [2, 3] as follows and we adopt this summary as a basis of our model. If the alteration occurs at the anticodon in tRNA, the codon reassignment proceeds according as the codon capture scenario. On the other hand, if the alteration occurs at locations other than the anticodon in tRNA, the codon reassignment proceeds according to the ambiguous intermediate scenario. Another important basis of our model is the following discrimination [7] between two scenarios. The codon capture scenario is supported by observed codon reassignments from stop to an amino acid. On the other hand, the ambiguous intermediate scenario is supported by observed codon reassignments from one amino acid to another.
On these two bases we introduce a concept of codon level and discuss its structure as a key ingredient to obtain a unified framework for the codon capture and ambiguous intermediate scenarios.
2-2 Codon Level
Here we model the affinity of tRNA for codon. The property of the target codon can be represented as a vector in a high-dimensional coordinate space. The coordinates constitute of the information of the properties of the codon such as the form and the physical quantities. For example, the charge or hydrophobicity distribution of the codon is such a physical quantity. Since the purpose of this paper is to sketch our scheme, we adopt a scalar, representing the property of the target codon, instead of a vector, for simplicity. In the following we call this scalar the codon level. This simplified model is a minimal model to discuss the mechanism of the genetic code evolution.
A similar construction [8] has been done in the study of immunity and a shape space is employed to describe the process of recognition between antigens and antibodies. As the first step the 1-dimensional shape space has been thoroughly investigated there.
On the above-mentioned two bases we can naturally assume a structure in the distribution of the codon levels. The structure consists of intermittent scatter of clusters as shown in In our codon level scheme both codon capture and ambiguous intermediate scenarios are naturally understood as different evolutional route in the same coordinate space. The former scenario corresponds to the genetic code evolution via inter-cluster route and the latter via intra-cluster route. Since the change in the range of codon recognition of tRNA by an alteration at anticodon is so large to exceed the level gap between codon clusters, the inter-cluster route arises from an alteration at the anticodon in tRNA. On the other hand, the intra-cluster route arises from an alteration at locations other than the anticodon in tRNA. The change in the range of codon recognition of tRNA by this type of alteration is smaller than the level gap.
Since the needed coordinate space is smaller and the mechanism of the selection among competing tRNAs can be implemented explicitly, we simulate the ambiguous intermediate scenario in the next section.
Simulation
Here we perform some simulations on the basis of our codon level model focusing on the smallest part of the level scheme in which we can realize the ambiguous intermediate scenario. We pursue the time dependence of the tRNA distribution around two codon levels in a codon cluster.
Our algorithm for the time evolution of tRNA is as follows.
Step 0: We prepare the system consisting of two homogeneous groups of tRNAs.
Step 1: We introduce mutations into tRNAs.
Step 2: We eliminate ill-conditioned tRNAs with too narrow or too wide range of codon recognition.
Step 3: We replicate tRNAs according to the cost of the synthesis of corresponding amino acids.
Step 4: We divide the system into two, mimicking cell division, when the number of tRNAs reach a critical value. We repeat the procedure from Step 1 to Step 4 sequentially.
In the following we describe the detail of the simulation.
Step 0: As the initial condition for the simulation, the 0-th generation of the system, we prepare two homogeneous groups of tRNA, tRNA-1 and tRNA-2. The initial number of tRNAs of each group is 0 N . The range of codon recognition for each tRNA, i t , is given as
for tRNA-1 and Step 1: We introduce random mutation into randomly selected tRNA and give new width of the range, 
for tRNA-2. 
Step 2: We evaluate the effect of the mutation by keeping only tRNAs satisfying the condition Step 3: We replicate surviving tRNAs and expand the system. The rate of the replication is determined by the cost of the corresponding amino acid production. Thus we explicitly implement the selection among competing tRNAs. The amino acids transported by tRNA-1 and tRNA-2 are named aa-1 and aa-2, respectively. Since we focus on the case where tRNA-2 is taken over by tRNA-1, the rapidity, 1 r , of the replication for aa-1 is set to be larger than that, 2 r , for aa-2. The original tRNA for the replication is chosen randomly.
Step 4: When the total number of tRNAs reach the critical value, 0 4N , we make new systems at the next generation by dividing the system into two, each of which consists of randomly selected 0 2N tRNAs, and pursue one of the new systems afterward. The system of the g -th generation results from g times divisions. In Fig. 5 an example of the time dependence of the codon recognition of tRNAs is shown. The tRNA with higher cost of amino acid production, tRNA2, is taken over by the other, tRNA1. For saving the simulation time the mutation rate is set to be high as Since the aim of our paper is to illustrate the hierarchical structure of the coordinate space of tRNA, our model is too simple and abstract. Although we should employ more realistic model in order to describe biological phenomena, such elaboration is left to future study.
Another attempt [9] to unify the codon capture and ambiguous intermediate scenarios has been reported. Such a probabilistic approach does not reach the mechanism, which is our main subject, of the genetic code evolution.
